Molecular dynamics simulations were used to study the response of a nanometer thin polymer film to oscillatory shear. Several types of response occur, depending on the amplitude of the shear. At low amplitude, the film deforms elastically. At intermediate ones it deforms plastically. Short-range stress-induced structured crystalline domains occur. This flexible elastic state is very dynamic. The crystalline domains oscillate with the applied stress. In the course of repeated cycling, they slowly increase in size. These mesoscopic domains may account for experimentally observed memory behavior. Ultrathin polymer films typically possess relaxation times that are orders of magnitudes larger than those of the individual polymers. When oscillated at even higher amplitude, stickslip is observed. In our constant pressure simulations, the film yields when wall spacing is increased to a value at which the polymer segments can smoothly rearrange and hence relax the internal stress.
Introduction
Thin organic films are widely used as lubricants. Sliding surfaces occur in a wide range of systems, from precision control of gears to data storage technology. Despite active experimental and theoretical efforts, a sound understanding of the behavior of dense organic films in the nonequilibrium regime is still lacking.
Over the past decades, several experimental groups have studied ultrathin organic films using a surface forces apparatus 1, 2, 3, 4, 5, 6 . They have shown that these films undergo a glass transition as a function of film thickness. Once in a glassy state, organic lubricant films remember previous deformation for up to several hours, that is, over timescales 12-15 orders of magnitude longer than the molecular relaxation time in the bulk liquid state 3 .
One way to measure this is in so-called stop-start experiments 3 , where uniform shear is stopped for a given time. At resumption of shear, a stiction spike is encountered of much smaller magnitude than upon initial startup of shear. Its value increases with stop time, approximately as a logarithmic function of the latter. This behavior has been related to the slow formation of ordered domains containing several molecules. Recently, Drummond et al. 4 imaged films of linear, saturated alkanes by means of freeze-fracture atomic force microscopy to investigate changes at the molecular level responsible for this behavior. They found that shear induces layering as well as the formation of domains with short-range order.
Similar phenomena have been observed by Granick et al. 1, 2 . They have subjected alkane films confined between strongly attractive surfaces to oscillatory shear. They found that ultrathin films resist shear forces, to yield at a critical stress. They called this state "solidlike", since, unlike a real solid, the film can be deformed over a distance 4 comparable to its thickness before yielding. The storage modulus -the elastic contribution to the response of a viscoelastic material -is just a few times the loss modulus -the viscous component of the same. Rich transient behavior is reported as well. In the course of repeated cycling, the film is "trained" and stiffens. The storage modulus slowly increases and the loss modulus decreases over time. After cessation of flow, films can remember their training for hours, indicating that cooperative phenomena involving many molecules are involved. Most interestingly, Dhinjowala and Granick 7 have shown that such a solidlike state occurs only when the frequency of the applied shear is above a critical value ω c . In the liquid state below ω c the loss modulus always predominates over the storage modulus and smooth shear thinning is observed. As the film thickness decreases, its characteristic relaxation time increases and ω c shifts to a lower value. Interestingly, the value of the relaxation time, dictated by ω c , is a few orders of magnitude larger than that of the typical relaxation time of individual molecules. This indicates once more that cooperative phenomena are at stake.
We have performed numerical simulations and have been able to adjust our parameters so that they mimic some of these experiments at the macroscopic level.
Subsequently, we have investigated molecular level changes responsible for transient response and other dynamic (nonequilibrium) processes. Our studies complement those of Khare et al. 8 These authors employed a similar simulation model to study the response to low amplitude oscillatory shear as a function of frequency and to investigate the nature of the transition from the liquid to solidlike state for different types of molecules.
In what follows we will first describe our model. Then we will discuss the results and summarize the main conclusions.
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Model
We modeled a thin polymeric film confined by two solid walls using Molecular Dynamics (MD) simulations in which polymer chains are bead-spring necklaces 9 . A sketch of the geometry is shown in Fig. 1 
The parameters in this potential are R 0 =1.5 σ and κ=30εσ Results and Discussion . Again, different regimes can be distinguished. At low amplitude, the affine regime, the motion of the top wall is in phase with that of the stage. Hence the response is mainly elastic. At amplitudes higher than 1.5 σ, the observed behavior differs qualitatively. Although the storage modulus predominates over the loss one, it is only four times larger than the loss modulus. The ratio is about a hundred in the affine regime.
We call this intermediate regime flexible elastic. It is worth mentioning that, although the flexible elastic state is a metastable nonequilibrium state, the strain increases linearly with applied amplitude of stage motion, as it does in the elastic regime. Finally, the data in Fig 4 show that, at an amplitude of approximately 4.2 σ, the film yields and the wall slips, just as observed in experiments by Granick et al. 1 .
In what follows we first concentrate on the flexible elastic regime. Unlike the elastic regime, this state displays rich transient behavior. First, there is one with beads ordered in a fcc pattern, which oscillates as a whole with the applied stress. Second, in areas in between the degree of order fluctuates. During oscillation, the ordered domains deform elastically, whereas all dissipation occurs in the disordered areas, which strongly deform and allow the film to shear without yielding.
Over time, the ordered domains grow in size. Heterogeneity, or the existence of regions that exhibit different types of dynamics, is typical for glassy systems. In the case at hand, the application of oscillatory shear amplifies this inhomogeneity as it speeds up the aging process. It is to be expected that the number of oscillations needed to make the DW factor of both layers next to a wall reach its maximum value of about 0.8 depends on system size. For larger systems it may settle at a lower value. It should be noted that in the elastic regime, where the system is subjected to low-amplitude oscillatory shear, none of the above-described changes occur. The DW factor oscillates around 0.3.
At this point we would like to mention that we were unable to detect any significant difference between the alignment of molecules in the elastic or flexible elastic regime.
However in both regimes chains tend to be oriented in the shear direction. We also observed that the state keeps its structure for at least a few thousand τ after cessation of shear. Ultimately, though, one would expect the structure to be unstable against Goldstone modes and to relax back to the initial disordered state that occurred before the application of shear.
Finally, we investigate the dissipative regime. Fig 8 shows the response of the top wall in both the x and z direction for the smaller simulation cell. It indicates that just before yield, the wall spacing increases. This suggests that yield is due to an increase in free volume, which has been confirmed experimentally 15 . At a critical thickness the material either becomes unstable or a phase slip from the flexible to the liquid state occurs. To investigate this last possibility, we obtained the ratio of loss to storage modulus at fixed wall spacing and frequency. As can be seen in Fig 9, at low spacing the storage modulus predominates, whereas at large ones the loss modulus is larger. At low spacing, the characteristic relaxation time, which depends on wall spacing, is larger than the inverse driving frequency (37 τ), in the latter it is smaller. The transition from the flexible elastic to the liquid state occurs when the moduli cross at a spacing of 3.525 σ.
This is roughly the wall spacing at which the film yields. This suggests that yield occurs when the film enters the liquid state. Rearrangements of the molecules are indeed smooth and occur throughout the entire film during this ductile type of yield. Brittle yield has been reported in our earlier work 16 . Slip in that case occurred at the film/wall boundary.
Exploratory studies on the role of the applied frequency have been performed as well.
It was found that, although a small change in frequency does not alter the results qualitatively, when the frequency is substantially decreased while keeping the amplitude constant a transition to a dissipative regime occurs-indicated by a loss modulus that predominates over the storage modulus. However, in this case the film shows smooth viscous response and there is no sign of slip-stick behavior. For A=0.5 σ and p=6 ε/σ Future work should also include a study of the response of films confined by walls, whose lines of atoms are under a small angle relative to each other.
Conclusions:
Depending on the amplitude of oscillation, three different types of response are seen.
At low amplitude the response is mainly elastic. At the highest amplitude it is dissipative.
In an intermediate range, a very dynamic state exists with rich transient behavior. Here oscillatory stresses induce short-range order, while globally the state remains spatially disordered. Rich kinetics are observed. An initial quick reorganization, during which ordered domains form, is followed by a much slower one in which these domains grow in size and the film becomes more compact. As a result the structure and dynamics of this state is inhomogeneous. Some regions are rigid and ordered, so they deform elastically.
Other, smaller regions deform mainly dissipatively. In these latter regions the mobility of the beads is enhanced. Such intermediate glassy phases occur not only in conventional structural glasses, as the one at hand, but may also be responsible for exotic properties of bose metals, which simultaneously behave as conductors and insulators Cates at al. 20 have proposed that these types of rheological instability may be a generic feature of many shear thickening materials. They show that in non-Newtonian flows instabilities can lead to spatiotemporal pattern formation and chaotic behavior.
Indeed, let it be noted that, although in this article we study thin alkane films, many of the observed phenomena occur in a wide range of materials -in emulsions, colloidal and granular matter, lamellar phases, fragile polymeric networks, (nano)composites, semicrystalline polymers, magneto-rheological fluids, and tectonic faults 21, 22, 23, 24, 25, 26, 27 .
In all these soft glassy systems the interplay of applied stress and internal relaxation times produces a wealth of intriguing phenomena, such as yielding, aging, strong memory effects, plastic flow, spatial and dynamic heterogeneities, flow-induced ordering, selforganization, and stick-slip motion.
It has been hypothesized 
